Various environmental compounds and intermediary metabolites contribute to DNA damage which, if left unrepaired, can be lethal or mutagenic. When DNA is exposed to alkylating agents such as methyl methanesulfonate (MMS) and Nmethyl-NЈ-nitro-N-nitrosoguanidine, more than a dozen different DNA adducts can be formed (37) . Some adducts are harmless, but others cause mutations and cell death (37) . Escherichia coli constitutively expresses at least two proteins, the Ogt O 6 -methylguanine/O 4 -methylthymine DNA methyltransferase (28) and the Tag 3-methyladenine (3MeA)/3-methylguanine DNA glycosylase (4, 30) , that specifically repair alkylated DNA lesions. In addition, four genes are induced as part of the adaptive response upon exposure to sublethal levels of an alkylating agent. These are the ada, alkB, alkA, and aidB genes, and their products protect cells against killing and mutation induced by further alkylation damage (22, 32, 36, 40) . The ada gene encodes another DNA repair methyltransferase, which transfers the methyl group from either O -methylthymine repair prevents mutations caused by base mispairing during DNA replication, and methylphosphotriester repair converts Ada into a transcriptional activator for the ada-alkB operon and for the alkA and aidB genes. Similarly to tag, the alkA gene encodes a DNA glycosylase that repairs 3MeA and 3-methylguanine, but the AlkA glycosylase also repairs O 2 -methylpyrimidine lesions (11) . The AlkA and Tag glycosylases specifically protect cells from alkylation-induced cell death (25, 42) . The functions of the AlkB and AidB proteins are unclear, but what is known about AlkB function is summarized below.
The E. coli alkB gene lies downstream from, and forms an operon with, the ada gene. The alkB gene is therefore coordinately regulated with the ada gene as part of the adaptive response to alkylating agents (22) . E. coli alkB null mutants become extremely sensitive to killing induced by MMS, an S N 2 alkylating agent, marking the alkB pathway as an extremely effective defense mechanism against alkylation toxicity. The fact that MMS-treated phage survives better in wild-type cells than alkB cells suggests that AlkB influences the way cells handle alkylated DNA and further suggests that AlkB does not provide alkylation resistance by simply preventing DNA alkylation damage (20) . The functions of AlkB do not appear to overlap with those of the AlkA 3MeA DNA glycosylase because alkB does not functionally complement alkA mutants and vice versa (6, 41) . The alkB gene was cloned and sequenced, and the 27-kDa AlkB protein was purified to homogeneity (19, 21) . However, despite an extensive search, in vitro assays have not revealed any DNA repair functions for the purified AlkB protein (7, 19, 21) .
DNA repair functions appear to be highly conserved among bacteria, yeasts, insects, plants, and mammals. Thus, certain prokaryotic DNA repair genes can function in eukaryotic cells (1, 14, 34) . Indeed, we recently demonstrated that expression of the E. coli alkB gene in human cells confers the same alkylation-resistant phenotype as it does in E. coli, i.e., resistance to the S N 2, but not S N 1, alkylating agent (6) . Similarly, certain eukaryotic genes can function in E. coli, and several yeast, rodent, and human DNA alkylation repair genes have been cloned by their ability to functionally complement DNA alkylation repair-deficient E. coli (3, 8, 26, 33, 38, 45) . To investigate AlkB function, we set out to identify eukaryotic alkB homologs. We describe here the cloning and characterization of three Saccharomyces cerevisiae genes that functionally complement E. coli alkB mutant cells.
MATERIALS AND METHODS
Strains, plasmids, and libraries. E. coli HK81, a nalA derivative of AB1157, was used as the MMS-resistant wild type. E. coli HK82, an AlkB-deficient mutant of HK81 (alkB22), was used as recipient to clone the yeast alkB homologs. HK81, HK82, and MV1932 (an alkA tag 3MeA DNA glycosylase-deficient derivative of AB1157) were gifts from M. Volkert (University of Massachusetts, Worcester); AB2463 (recA13 mutant of AB1157) was a gift from F. M. Ausubel (Harvard Medical School, Boston, Mass.). MV1932, AB2463, and AB1157 uvrB5 were used as recipients to test the specificity of the yeast alkB homologs. E. coli DH5␣ was purchased from Bethesda Research Laboratories (Gaithersburg, Md.) and used for the preparation of plasmid DNA. S. cerevisiae DBY747 (MATa ura3-52 his3-D leu2-3,112 trp1-289) was obtained from E. Eisenstadt (Office of Naval Research, Arlington, Va.). The S. cerevisiae ste11 deletion strain (ste11-⌬6::URA3) (29) was obtained from B. Errede (University of North Carolina, Chapel Hill).
pRSValkB, expressing the E. coli AlkB protein, was previously described (6). YEp24 was purchased from New England Biolabs. pNC245STE11 and pNC245R444, containing wild-type and mutated forms of the S. cerevisiae STE11 gene, respectively (29) , were gifts from B. Errede.
The S. cerevisiae genomic library was constructed by partial Sau3A digestion of yeast genomic DNA and insertion of 4-to 7-kb fragments into the BamHI site of pUC19. This genomic library contained 40,000 independent recombinants. The S. cerevisiae cDNA library (9) was a gift from S. J. Elledge (Baylor College of Medicine, Houston, Tex.). The genomic and cDNA inserts were placed under the control of the lacZ promoter and could potentially be expressed either as a fusion protein or from an ATG translational initiation codon in the insert itself.
The yeast chromosome gel was purchased from CloneTech and was used for chromosome mapping.
Selection and screening for alkylation-resistant transformants. The screening process was carried out as described previously (33) . Briefly, plasmid DNA for the genomic or cDNA library was transformed into the E. coli alkB strain (HK82) by electroporation. The transformants were plated on Luria-Bertani ampicillin plates containing 0.02% MMS to select for alkylation-resistant transformants. Approximately 10 4 surviving cells (of 0.5 ϫ 10 6 to 1.5 ϫ 10 6 transformants plated) were scraped from the MMS plates, their plasmid DNA (pool 1) was purified and retransformed into E. coli alkB cells, and the selection process was repeated to obtain pool 2 DNA. Pool 2 DNA was reintroduced into E. coli alkB mutant cells, the transformants were grown on plates without MMS, and about 1,500 of these transformants were screened for MMS resistance as described previously (8) .
Assays for alkylation sensitivity. (i) E. coli MMS survival curves. E. coli was grown to 2 ϫ 10 8 cells per ml in Luria-Bertani ampicillin medium, diluted with M9 salts, and plated on Luria-Bertani ampicillin plates containing various MMS concentrations.
(ii) Yeast cell survival curves. MMS was added directly to log-phase cells ( 10 7 ) growing in yeast extract-peptone-dextrose medium to a final concentration of 0.25%. The cell culture was incubated at 30ЊC for 20, 40, and 60 min, after which time an aliquot of cells was diluted and plated onto the yeast extract-peptonedextrose plates at the appropriate dilution.
DNA sequence analysis. Double-stranded DNA sequencing was performed by the dideoxy chain termination method (35) using 5Ј-[␣- 35 S]dATP (NEN) and Sequenase (United State Biochemical Corp.). The YFW12 DNA sequence was determined by ACGT Inc. using the same method.
Nucleotide sequence accession numbers. The EMBL and GenBank accession numbers for the sequences in this article are U11583 (YFW1) and YKR013W (YFW12).
RESULTS
Isolation of S. cerevisiae genomic DNA and cDNA clones that functionally complement E. coli alkB mutants. To clone yeast genes that confer MMS resistance upon AlkB-deficient E. coli, we transformed an S. cerevisiae genomic expression library and an S. cerevisiae cDNA expression library (9) into E. coli alkB cells (20) and isolated MMS-resistant transformants as described in Materials and Methods. Three plasmids, one containing a genomic fragment (pYFW1) and two containing dif- ferent cDNAs (pYFW12 and pYFW16), were found to confer extensive MMS resistance upon E. coli alkB mutants (Fig. 1A) . These results showed that pYFW1, pYFW12, and pYFW16 can each functionally complement AlkB-deficient E. coli, but complementation was incomplete compared with that provided by the E. coli alkB gene itself. pYFW1, pYFW12, and pYFW16 specifically complement alkB E. coli. To determine whether pYFW1, pYFW12, and pYFW16 specifically complement the alkB mutants, rather than participating in a general detoxification process that prevents DNA alkylation, we further determined whether they could provide MMS resistance in other MMS-sensitive E. coli strains. Since it was previously demonstrated that the alkB gene (expressed from the pRSValkB plasmid) does not complement the MMS-sensitive phenotype of 3MeA DNA glycosylase-deficient E. coli alkA tag double mutants (6, 41), we first determined whether the three plasmids could confer MMS resistance in this strain (Fig. 1B) . Figure 1B shows that the pYFW1, pYFW12, and pYFW16 plasmids did not confer alkylation resistance upon 3MeA DNA glycosylase-deficient cells. In addition, like pRSValkB, plasmids pYFW1, pYFW12, and pYFW16 did not confer any MMS resistance to other MMS-sensitive strains such as recA (Fig. 1C) and uvrB mutants (Fig. 1D) . These results suggest that pYFW1, pYFW12, and pYFW16 specifically protect E. coli alkB from MMS and that they do not act by simply detoxifying MMS or by blocking the ability of MMS to alkylate DNA.
Genetic dissection and characterization of pYFW1. To localize the functional region of the pYFW1 genomic insert, five subclones were constructed and tested for their ability to confer MMS resistance in E. coli alkB as judged from MMS gradient plates. The constructs were made on the basis of the restriction map shown in Fig. 2 . One of the subclones, pYFW1-10, containing a 1.3-kb Sau3A fragment located at the 5Ј end of the insert, conferred full resistance, whereas a slightly shorter subclone, pYFW1-1, did not. The subclones containing deletions in the 5Ј region completely lost their ability to confer MMS resistance. The functional region was thus located in the 1.3-kb Sau3A fragment of pYFW1-10 ( Fig. 2) . We sequenced the whole 2.1-kb pYFW1 insert and identified a 1.5-kb open reading frame (ORF) (see Fig. 4C ). The absence of an ATG codon indicated that we had cloned the 3Ј end of a larger gene; we designated the intact gene YFW1 and the 1.5-kb ORF YFW1Ј (Fig. 2) .
In order to determine what role YFW1 plays in vivo in S. cerevisiae and to clone the full-length YFW1 gene plus its promoter region, we disrupted the YFW1Ј ORF by the insertion of the URA3 gene marker into the SalI site of the ORF to produce pYFW1::URA3; this construct could no longer complement E. coli alkB (data not shown). pYFW1::URA3 was linearized by digestion with XbaI and EcoRI and transformed into the wild-type yeast strain DBY747 to make a yfw1 mutant. A URA3 ϩ transformant was confirmed for the correct integration of YFW1::URA3 by Southern analysis: the 2.1-kb pYFW1 insert hybridized to 0.3-kb PstI fragments in DNAs from both the wild type and the URA3 ϩ transformant, and as expected, it hybridized to a 0.6-kb PstI fragment in wild-type DNA but hybridized to 2.8-and 1.7-kb PstI fragments in DNA from the URA3 ϩ transformant (Fig. 3B) . To our surprise, the yfw1 strain was not more sensitive to MMS-induced cell killing (Fig. 3C) .
The full-length YFW1 gene with its promoter region was cloned by a strategy that involves integrative transplacement 
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on March 1, 2013 by PENN STATE UNIV http://jb.asm.org/ Downloaded from (44) and chromosome walking. As illustrated in Fig. 4A , the plasmid pYFW1::URA3 was integrated into the wild-type S. cerevisiae DBY747 genome at the YFW1 locus by XhoI sitedirected integration. Total genomic DNA from the URA3 ϩ integrant strain was purified and digested by HindIII, selfligated, and used to transform into E. coli. Plasmids from the ampicillin-resistant colonies were expected to contain the pUC19 backbone, the previously cloned partial YFW1Ј ORF, and the 5Ј upstream region up to the first upstream HindIII site. The clone obtained (pYFW1-H3) contained the entire YFW1 coding region plus 2.7 kb of the upstream sequence and conferred even higher MMS resistance than the initial pYFW1 clone (Fig. 4B) . The nucleotide sequence of the entire YFW1 gene with 313 bp upstream was then determined. Figure 4C shows the nucleotide sequence and the deduced amino acid sequence of YFW1. YFW1 contains 1,818 bp encoding a 606- amino-acid protein of a predicted 64-kDa molecular mass. The YFW1 mRNA uses 60 of 61 codons, indicating that this gene may not be highly expressed (codon bias index, 0.39, indicating less than 0.05% abundance) (2). To our surprise the amino acid sequence of the YFW1 protein shows no homology to the AlkB protein sequence. Strikingly, YFW1 contains nearly 40% serine and threonine residues, creating homology with yeast ␣-agglutinin (31), human mucin (13) , and several other cell membrane glycoproteins. In addition, a 24-amino-acid hydrophobic stretch lies between residues 412 and 445 ( Fig. 4C and  D) . Whether the YFW1 protein is in fact a membrane glycoprotein remains to be determined. The insert of pYFW1 (2.1 kb) was radiolabeled and hybridized to a pulse field S. cerevisiae chromosomal gel to determine chromosome location; YFW1 maps to chromosome VIII (data not shown), consistent with the recently submitted ORF U11583 in the complete sequence of S. cerevisiae chromosome VIII in GenBank.
Characterization of pYFW12. The pYFW12 clone contained a 0.9-kb cDNA insert and protected E. coli alkB but not E. coli alkA tag recA or uvrB mutants against MMS-induced killing (Fig. 1) . The 0.9-kb insert was subcloned into the pBluescript vector and sequenced. An approximately 600-bp ORF was fused at the 5Ј end with the pUC19 lacZ gene, and there was a long noncoding region with a poly(A) tail at the 3Ј end. The insert of pYFW12 (0.9 kb) was radiolabeled and hybridized to a pulse field S. cerevisiae chromosomal gel to determine chromosome location. It maps to chromosome XI (data not shown), consistent with the submitted S. cerevisiae chromosome XI ORF YKR013W in GenBank. The reported complete ORF contains 990 bp encoding a 329-amino-acid protein of a predicted 33.8-kDa molecular mass. The nucleotide and deduced amino acid sequences are shown in Fig. 5 . Again, we designated the intact gene YFW12 and the initial 0.6-kb ORF YFW12Ј (boldfaced in Fig. 5A ).
Like YFW1, the YFW12 protein is highly serine and threonine rich (30%). Hydrophobicity analysis showed that the YFW12 protein, unlike YFW1, did not contain a putative transmembrane domain. A comparison of the YFW12 amino acid sequence with sequences in GenBank showed that, like YFW1, YFW12 displays homology to the yeast ␣-agglutinin precursor (with 30% identity and 60% similarity), human mucin, and glycoprotein X precursor from herpesvirus 1. The fact that both YFW1 and YFW12 are serine-and threonine-rich proteins and that they have homology to the same group of proteins suggests that they may function in similar fashions. Further, yfw12 disruption mutants, like the yfw1 mutants, were not sensitive to MMS-induced cell killing (data not shown), a Characterization of pYFW16. The pYFW16 plasmid contained a 2.4-kb cDNA, and like pYFW1 and pYFW12, it functionally complemented E. coli alkB but not E. coli alkA tag recA or uvrB mutants (Fig. 1) . The cDNA insert was subcloned into pBluescript, and we sequenced approximately 300 bases from each end and 300 bp from the center of the cDNA. The YFW16 nucleotide sequence was identical to the S. cerevisiae STE11 gene (29) starting at the codon for amino acid residue 7 of the STE11 protein. Thus, YFW16 is allelic with STE11. Moreover, the full-length STE11 gene in pNC245 (29) conferred the same level of MMS resistance in E. coli alkB as did pYFW16 (Fig. 6 ). STE11 is a protein kinase involved in pheromone signal transduction (12, 23, 29) , and mutation in STE11 prevents mating and various other responses to pheromones (10, 15, 23, 39) . The STE11 protein kinase acts downstream of the G protein in the signal transduction pathway (29) , and it was previously mapped to the right arm of chromosome XII (5, 16, 17) . To study whether STE11 affects the MMS sensitivity of S. cerevisiae, we obtained a plasmid containing the authentic STE11 gene (29) and showed that it conferred the same level of MMS resistance as pYFW16. We also determined that the protein kinase activity of STE11 is not required for the complementation of E. coli alkB because a mutant STE11 gene that replaces Lys-444 with Arg and that completely lacks kinase activity (expressed from pNC245R444) still functionally complements E. coli alkB (Fig. 6) . However, as with yfw1 and yfw12 mutants, inactivation of the STE11/YFW16 gene in S. cerevisiae did not create an MMS-sensitive phenotype, and overexpression of the STE11 protein in S. cerevisiae did not alter the sensitivity of the yeast cells to MMS (data not shown).
DISCUSSION
The precise biochemical function of the E. coli AlkB protein has remained elusive for more than a decade. All the available evidence indicates that the AlkB protein allows E. coli to survive the toxic effects of alkylating agents by allowing cells to prevent alkylated DNA from causing cell death rather than by preventing DNA alkylation damage (6, 19, 41) . The most common way to prevent DNA damage from causing cell death is by the removal of damage via DNA repair, although the bypass of replication-blocking lesions in SOS-induced cells represents an alternative type of mechanism (43) . Since DNA alkylation repair pathways (as well as other DNA repair pathways) appear to have been highly conserved between prokaryotes and eukaryotes (3, 8, 26, 33, 38, 45) , we speculated that alkB homologs may exist in S. cerevisiae. Using a functional complementation approach, we isolated three genes (YFW1, YFW12, and YFW16) that confer alkylation resistance upon E. coli alkB mutants but do not confer resistance upon other alkylationsensitive E. coli strains. All three genes were sequenced, and, to our surprise, none of the three predicted amino acid sequences showed any homology to the E. coli AlkB protein.
The YFW1 and YFW12 genes are both extremely rich in serine and threonine residues and thus turned out to be homologous to a large number of the serine-and threonine-rich cell surface glycoproteins, such as ␣-agglutinin (31) and mucin (13) . The YFW1 protein (but not YFW12 protein) contains a hydrophobic domain characteristic of cell membrane proteins. However, while the presence of the hydrophobic domain suggests that YFW1 may be membrane bound in S. cerevisiae, it is unclear whether it could be targeted to the membrane in E. coli without the appropriate signals. At first sight it seemed possible that these serine-and threonine-rich proteins might provide alkylation resistance by simply blocking DNA alkylation. However, for E. coli cells that are alkylation sensitive because of a deficiency in 3MeA DNA glycosylase activity, a deficiency in RecA function, or a deficiency in nucleotide excision repair, the expression of YFW1 or YFW12 did not provide any alkylation resistance, indicating that these proteins do not prevent DNA alkylation. It is unclear whether the serine and threonine richness of YFW1 and YFW12 per se (40 and 30%, respectively) contributes to their ability to rescue E. coli alkB from MMS-induced killing, but it should be noted that neither the YFW16 protein nor the AlkB protein itself is particularly rich in serine and/or threonine residues. In summary, the mechanism by which YFW1 and YFW12 protect E. coli alkB mutants from MMS-induced cell death is unclear, but protection appears to be specific for alkB mutants.
The S. cerevisiae YFW16 gene turned out to be allelic with STE11, which encodes a protein kinase known to be involved in pheromone signal transduction (29) . ste11 mutants cannot mate and are unable to express pheromone-induced genes (12, 23) . It is interesting to note that another protein, STE6, involved in the S. cerevisiae pheromone signal transduction pathway was recently shown to be a functional homolog of the mammalian multidrug resistance protein (MDR, or P glycoprotein) because expression of the mouse MDR3 gene in S. cerevisiae ste6 mutants suppressed the sterile phenotype of these cells (27) . However, the STE6 protein is thought to be the membrane protein mediating export of the a-factor mating pheromone (24) , and the STE11 protein kinase is believed to act intracellularly to signal the induction of specific mating gene expression (18) . It is therefore unlikely that STE11 alone could act to prevent the intracellular accumulation of an alkylating agent in S. cerevisiae, and in support of this we found that ste11 null mutants and STE11-overexpressing cells display the same alkylation sensitivity as wild-type cells (data not shown). Moreover, like the YFW1 and YFW12 proteins, the YFW16/ STE11 protein was unable to functionally complement these strains of MMS-sensitive E. coli, indicating that it does not act to prevent DNA alkylation damage in bacteria. In the past several years we, and others, have cloned a number of eukaryotic DNA alkylation repair genes by their abilities to functionally complement DNA alkylation repairdeficient E. coli (3, 8, 26, 33, 38, 45) . In these studies, the cloned eukaryotic genes provided the specific DNA repair function that was absent from the E. coli host, namely, 3MeA DNA glycosylase or DNA repair methyltransferase activity. In other words, our previous functional complementation experiments did not reveal any eukaryotic genes expressing a function other than the particular DNA alkylation repair activity that was missing from the host bacteria. For the functional complementation experiments described in this study, it is not yet possible to say whether the YFW1, YFW12, and YFW16/ STE11 proteins carry out the same function(s) as each other or the same function(s) as AlkB, since the precise activity of the AlkB protein remains unknown. However, all three proteins are able to specifically protect E. coli alkB null mutants from killing by alkylating agents, and exactly how these proteins confer alkylation resistance is the subject of further exploration.
